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Objective: We evaluated the direct effects of long-term blockade of ET^ and ET^ receptors using a mixed endotiielin (ET) receptor 
antagonist, LU224332, in the low density lipoprotein, receptor (LDL-R) knockout mouse model of atherosclerosis. Methods: Four groups 
of LDL-R deficient mice were studied: control mice fed normal chow (group I); mice fed a high cholesterol (HC, 1.25%) diet alone 
(group II), HC fed animals treated with LU224332 (group III); and mice fed noiraal chow treated with the LU compound (group IV). All 
treatments were continued for S weeks at which time the animals were sacrificed and the aortae were removed and stained with oil red O. 
Atherosclerotic area (AA) was determined by quantitative morphometry and normalized relative to total aortic area (TA). Results: 
Cholesterol feeding resulted in a marked increased in total plasma cholesterol (-15 fold) and widespread aortic atherosclerosis (AA/TA: 
group I: 0.013+0.007; group D; 0.33±0.1 1; P<0.001). Atherosclerotic lesions were characterized by immunohistochemistry as consisting 
mainly of macrophages which also showed high levels of ET-1 expression. Treatment with ET antagonist significantly reduced the 
development of atherosclerosis (AA/TA: group III: 0.19+0.07, P<0.01 vs. group II), without altering plasma cholesterol levels and 
blood pressure. The direct effect of LU224332 on macrophage activation and foam-cell formation was determined in vitro using a human 
macrophage cell line, THP-1. Treatment of the THP-1 cells with LU224332 significantly reduced cholesterol ester and triacylglycerol 
accumulation and foam-cell foimation on exposure to oxidized LDL (P<0.01 and i><0.05, respectively). Conclusion: We conclude that a 
nonselective ET receptor antagonist substantially inhibited the development of atherosclerosis in a genetic model of hyperlipidemia, 
possibly by inhibiting macrophage foam-cell fomiation, snggesting a role for these agents in the treatment and prevention of 
atherosclerotic vascular disease. © 2000 Elsevier Science B.Y All rights reserved. 
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1. Introduction 

Spontaneous mutations in the low-density lipoprotein 
receptor (LDL-R) gene result in severe hypercholesteremia 
and atherosclerosis in Watanabe rabbits and rhesus mon- 
keys [1], and represents the genetic basis of familial 
hypercholesteremia b humans [2]. Ishibashi et al. [3] have 
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produced LDL-R deficient mice by targeted disruption of 
this gene. On high cholesterol feeding these animals 
exhibited marked elevations in serum cholesterol-rich 
lipoprotem particles including very low density lipoprotein 
(VLDL), intermediate density lipoprotein (LD.L) and LDL, 
associated with massive xanthomatosis and atherosclerosis 
in a manner similar to patients with familial hypercholes- 
terolemia [3]. 

Endothelial cells normally protect against many of the 
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initiating events in atherosclerosis by the production of 
vasodilator, antithrombotic and antiproliferative factors [4] 
such as nitric oxide (NO), which prevents adhesion of 
blood elements to the endothelium including platelets and 
monocytes, and inhibits migration and proliferation of 
medial smooth muscle cells (SMCs) [5,6], Indeed, reduced 
endothelium-dependent dilation and decreased bioavail- 
ability of NO is an early feature of hyperlipidemia both in 
experimental models [4,7] and patients [8,9], which can be 
improved by administration of exogenous L-arginine, the 
substrate for NO generation by NO synthase (NOS) [10]. 
Endothelial dysfunction is characterized not only by 
reduced release of vasodilator autacoids such as NO, but 
also by increased production of vasoconstrictor factors 
including endothelin-1 (ET-I) [II]. ET-1 is a 21-ammo- 
acid peptide which, in addition to its powerful vasocon- 
stricter and hypertensive actions [12], has a number of 
other biological activities which are likely important in 
chronic vascular disorders. These include stimulation of 
cellular proliferation [13], synthesis of matrix proteins 
[14], and chemotactic effects on monocytes [15,16]. Sever- 
al indirect lines of evidence support a role for ET-1 m the 
development of atherosclerosis [17]. OxLDL results in 
increased ET-1 expression in cultured endothelial cells 
[18] and circulating ET-1 levels are elevated in patients 
with atherosclerosis [19]. More relevant, perhaps, are the 
observations of increased ET-1 expression in human 
atherosclerotic lesions [20,21], associated with complica- 
tions of atherosclerosis [22]. 

ET-1 transduces its biological effects through an mter- 
action with two specific receptors. ET^ is selective for 
ET-1 and is found predominantly on target cells, such as 
vascular SMCs [23], and mediates the vasoconstrictor [24] 
and pro-proliferative actions of ET-1 [25]. In contrast, in 
the vessel wall ET^ is found mostly on the endothelial ceil, 
and mediates the release of NO and prostacyclin [26], 
which serves to counteract the direct effects of ET-l on the 
underlying SMCs. However, ETg can also be found to a 
variable degree on SMCs [27,28] and has been described 
as the predomuiant receptor of a human monocyte/macro- 
phage cell line [29,30]. 

The use of selective ET^ receptor blockers has been 
recently shown to reduce aflieroscierosis [31,32] and 
improve endotheiium-dependent vasodilation [32,33], pos- 
sibly by unmasking ETe-mediated NO production in 
response to endogenous ET-1. Whether the use of a mixed 
ETa and ET^ antagonist, which would not be expected to 
increase vascular endothelial cell NO release, would 
produce a similar benefit is not certain. We hypothesized 
that a non-selective ET receptor blocker would reduce 
atherosclerosis in the LDL-R deficient mouse model by 
direct actions on SMCs and/or macrophages, inhibitfog the 
proatherogenic response to increased endogenous vascular 
BT-1 production. We now report that LU224332, a mixed 
ET^ and ETg antagonist, substantially reduced athero- 
sclerosis in cholesterol-fed LDL-R deficient mice, and also 



inhibited the uptake of OxLDL by macrophages in vitro. 
These data provide strong evidence for a direct role of 
ET-1 in atherogenesis. 



2. Methods 

2. 1. Experimental protocol 

LDL-R deficient mice in the C57BL/6J background 
were purchased from Jackson Laboratoiy. Sbcty male 
LDL-R deficient mice were entered into the study at 22 
weeks of age and were maintained on a 12-h-dark"12-h- 
light cycle with unrestricted access to food and water for 
the entire length of the experimental protocol. The use and 
care of LDL-R deficient mice was in accordance with the 
Canadian Council of Animal Care guidelines and was 
approved by the Animal Care and Etiiics Committee of St. 
Michael's Hospital. Animals were assigned to four ex- 
perimental groups (15 mice/group) as follows: (I) control 
(normal diet, no treatment); (H) high cholesterol (HC) diet 
without pharmacological intervention; (HI) HC diet with 
ET antagonist treatment and (IV) ET antagonist treatment 
in mice receiving nomial diet All mice received their 
specific treatment for a period of 8 weeks before being 
sacrificed. The ET antagonist treatment groups received 
LU224332 (10 mg/kg/day) in their drinking water. This 
compound (a generous gift of Dr. M. Kirchengast fl-om 
Knoll, Ludwigshafen, Germany) has previously been 
shown to exhibit equal afifinily for the ETJ^_ and ETg 
receptors (ET^: 3.5 and ETgi 7.2 nmol/1; ratio: 2.1) [34]. 
To insure appropriate dosage of the ET antagonist, water 
intake was monitored at regular intervals and the drag 
dilution was adjusted accordingly. No difference ui food 
intake, drinking patterns, or body weight was noted 
between anunals from each group (Table 1). The HC diet 
consisted of 1.25% cholesterol. 7.5% (w/w) cocoa butter, 
7.5% casein and 0.5% (w/w) sodium cholate. This chow 
preparation was shown in previous reports to promote 
atherogenesis [3]. After 8 weeks of treatment, mice were 
sacrificed and perfiision fixed with 10% formalm. TTie 
aorta were then dissected fi-om the aortic valve to the iliac 
bifiircation and further fixed in 10% formalin overnight at 
4°C. 



Feeding behavior and body weight variations' 



Group 1 Group 11 Group 111 Group IV 



Food intake (g/day) 2.4±0.3 2.0±0.5 2.1±0.6 2.4±0.6 
Water intake (ml/day) 3.3±1.5 3.8±2.1 3.5±l.8 3.2±1.6 
Body weight (g) 28.7^2.7 29.6±3.1 3Q.1±2.0 27.5±1.9 

' Values shown are inean±S.D. No difference was noted between any 
experimental groups for food intaJce, water intake or body weight 
measurements by the end of the experimenta! protocol when subjected to 
one-way ANOVA with post hoc student Mest. 
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2.2. QumtificatiOTJ of xanthomatosis 

The degree of xanthomatosis was graded according to 
the following scale: facial lesions: O=none; l=mild (snout 
only); 2=moderate (snout and eye lids); 3=severe (marked 
lesions); and limb swelling; O=none; l=mild/inoderate 
(front paws only); and 2=severe (all four limbs). Addition 
of facial lesion and limb swelling grades represented the 
semiquantitative score. 

2.3. Morphometry and immunohistochemistry 

Aortae from each experimental group were opened 
longitudinally and stained with oil red O and a computer- 
assisted video imaging system was used to assess the 
extent of the atherosclerosis area (C-imaging analysis). For 
immunohistochemistry, the aortae of four anunals from 
each group were divided into three regions: aortic arch, 
thoracic and abdominal aorta. Paraffin sections (5 urn) 
were cut from each region and endogenous peroxidase 
activity was quenched by 3% H^Oj in methanol for 20 
mm; nonspecific antibody bindmg was blocked with 10% 
goat serum in PBS for 30 min, and adjacent sections from 
each group were immunostained using the following 
antibodies: a polyclonal rabbit ET-1 antibody (Peninsula 
Ubs., Behnont, CA, USA) at 1:150 dilution overnight at 
A'C, and secondary reaction with goat anti-rabbit 
biotinylated antibody (1.250 dilution, Vector Labs. Burlmg- 
ame, USA) for 45 min at room temperature (RT); a 
polyclonal rat antibody to the mouse monocyte/macro- 
phage marker MOMA-2 (Serotec, Kidlington, Oxford, 
UK) at 1:100 dilution overnight at A°C, and secondary 
—reaction with biotinylated rabbit anti-rat JgG (1:250 . dilu- 
tion. Vector Laboratories) for 45 min at RT; a monoclonal 
mouse antibody to smooth muscle a-actin (Boehringer 
Manheun) at 1:100 dilution for 60 min at RT and 
secondary reaction with biotinylated anti-mouse IgG 
(1:150 dilution, Vector Laboratories) for 30 min at RT. 
Following mcubation with the secondary antibodies, the 
sections were treated with sfreptavidin-biotin-peroxidase 
complexes (Vectastain ABC kit, Vector Labs.) for 30 min at 
RT. Diaminobenzadine was used as the peroxidase sub- 
strate and hematoxylin as the nuclear counterstain. Nega- 
tive control slides were prepared by substituting preim- 
mune serums for the primary antibody. 

2.4. Cholesterol measurements 

Blood was extracted by cardiac ventricular puncture in 
five animals in groups I, II and IV, and six for group III at 
the time of sacrifice and centrifiiged at 1500 rpm for 10 
rain for plasma separation and collection. Total cholesterol 
was measured with an enzymatic cholesterol assay in a 
colorunetric procedure on a Technicon RAIOOO (Bayer, 
Tarrytown, NY, USA). 



2.5. Blood pressure measurements 

In a separate experimental series, fifteen animals (five 
confrol; five HC-fed and five treated with the LU com- 
pound) were anaesthetized with an intraperitoneal injection 
of a mixture of xylazine (5 mg/kg, Bayer) and ketarame 
(50 mg/kg, Wyeth-Ayerst Canada) after 2 weeks of the 
representative treatments. A catheter constructed of 
stretched PE200 tubing (Becton Dickinson) was filled with 
50 U/ml heparin in saline and was bserted into the right 
common carotid artery. Pulsatile blood pressure was 
measured using a CDXIII pressure transducer (COBB 
Canada) and recorded on the Biopac MPIOO data acquisi- 
tion system with acknowledge software (Biopac Systems). 
Animals were allowed to stabilize for 20 min after the 
onset of anesthesia, and then mean arterial pressure was 
registered continuously for 10 min and mean values were 
determined. 

2.6. LU224332 concentrations in mouse plasma 

Plasma levels of IMllA'iZl were measured with a 
radioreceptor assay as previously described [35]. Briefly, 
0.1 ml of plasma obtained fixsm cardiac puncture-blood 
samples from animals receiving (n=7) or not receiving 
(n=6) the LU compound was mixed with 1 ml of 
methanol, thoroughly vortexed, and centrifuged for 15 min 
at 2800 g. The siqjematant was evaporated under a stream 
of air. The diy residue was reconstituted in 150 jtl of the 
binding buffer. The reaction was carried out at RT in a 
total volume of 200 \d\ 50 jil of ftie radioligand ('"l-ETl, 
= 10 000 cpm per tube) was mixed with 50 p,! of the 
sample. The reaction was started by addition of 100 p-1 of 
porcine aortic membranes (5-7 ji,g protein/tube). It was 
terminated after 3 h by addition of 1 mi of ice-cold 5 g/1 
BSA in PBS, pH 7.4, followed immediately by a rapid 
cenfrifixgation (3 min at 13 000 g). The supernatant was 
carefully aspirated, and die radioactivity of pellets was 
counted in an automated gamma-counter. The standard 
curves, constructed with 18.75 to 1200 nM of LU224332 
added to normal rat plasma were Imear within this range. 

2.7. Cell culture 

THP-1 monocyte/ macrophage cell line was obtained 
from the American Type Tissue Culture Collection (TIB 
202) and were propagated in RPMI 1640 with 10% FCS, 
penicillin/streptomycin (100 U/ml) at 37°C, 5% CO,. 
Cells were plated at a density of IX 10* cells/ml in 10% 
FCS medium containing phorbol myristate acetate (10 
M) for 72 h to induce differentiation into macrophages, 
and washed extensively with serum-free RPMI medium 
prior to incubation with or without lipoproteins as indi- 
cated for each experiment. In all experiments, cell viability 
exceeded 90% as determined by trypan blue exclusion. 
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2.8. Lipoprotein isolation and oxidation 

LDL (1.019-1.069 g/mi) was obtained by density 
gradient ultracentrifogation [36] from plasma of fasted 
normolipidemic individuals. LDL (2 mg protein/ml) was 
subsequently diaiyzed against 0.1 M phosphate buffer, pH 
7.4, contaming 0.1 mM EDTA for 24 h {three buffer 
changes). LDL samples were sterilized by passing through 
an Q.22-vm fitter (Millipore, Milford. MA, USA), kept at 
4°C, and used within 1 week. Lipoprotein concentration 
was' determined by the method of Lowxy et al. [37] and 
expressed as mg/ml. Oxidation of LDL {5 mg protein/5 
mi) was performed by dialysis against 5 jtM CuS04-5HjO 
in 0. 1 M phosphate buffer, pH 7.4, for 12 h at 3.7°C in the 
dark. 

2.9. Cellular cholesterol and triacylglycerol 
accumulation 

THP-1 cells were incubated for 24 h with 100 fig/ml 
native or oxidized LDL (OxLDL) in the presence or 
absence of M LU224332. After mcubation the cells 
were washed once with ice cold PBS containing 0.4% BSA 
and twice with PBS alone. Cells were scraped from the 
culture flask into PBS and sonicated. The cellular lipids 
were extracted witti chloroform-methanol (2:1, v/v). The 
lipid extract was digested with phospholipase C {Clos- 
tridium welchii; Sigma) as previously described [38]. The 
reaction mixture was extracted with chloroform-methanol 
(2:1, v/v) containing 100 fig tridecanoyglycerol as internal 
standard. The lipid extracts were then reacted for 30 mm at 
20°C with Sylon BFT (Sigma) plus one part dry pyridine. 
This procedure converts the free fatty acids into silyl esters 
and the free sterols, diacylgiycerols and ceramides into 
silyl ethers, leaving the cholesteryl esters and triacyl- 
glycerols unmodified. The free cholesterol, cholesterol 
esters and triacylglycerols were quantified using a non- 
polar capillary column as previously described [39]. 

2.10. Data analysis 

Statistical differences between groups were evaluated 
using Uie one-way ANOYA test with post hoc student i-test 
where appropriate. For semiquantitative scoring of xan- 
thoma, die statistical difference between groups was 
evaluated using the Mann-Whitney test Data are pre- 
sented as mean±S.D. unless otherwise indicated. A value 
of P<0.05 was considered significant. 



3. Results 

Cholesterol-fed animals accumulated foam-cells along 
the inner curvature of the aortic arch and throughout the 
descending aortae, leading to the formation of fibro-fatty 
plaques at 8 weeks of treatment (Fig. lb, d and 0- 



Histological examination revealed that the atherosclerotic 
plaques contained a necrotic core with cholesterol crystals 
covered by a thin fibrous cap. Occasional SMCs could be 
identified in the plaque area and fibrous cap by immuno- 
staining with an antibody against a-actin (Fig, lb), how- 
ever, a-actin positive cells were mostly restricted to the 
medial layer of the aortae (Fig. ia and b). Immunostainmg 
with monocyte/macrophage specific antibody (MOMA-2) 
showed little or no staining in animals receiving normal 
chow (Fig. Ic), whereas the majority of cells within the 
intimal lesion of HC fed animals were MOMA-2 positive 
(Fig Id). In animals receiving normal chow, ET-1 stainmg 
was restricted to endothelial cells (Fig. le), whereas ET-1 
was predominantly located to macrophage rich intimal 
aortic lesions of HC treated animals, consistent with 
previous reports [15,21] (Fig. If). 

The degree of xanthomatosis, derived using a semiquan- 
titative grading system, is presented in Fig. 2A. In LDL-R 
knockout mice fed a normal chow for 8 weeks (Fig. 2, 
group I), no xanthomatous lesions were observed. In 
contrast, in the cholesterol-fed LDL-R deficient mice 
(group II) xanthomatous lesions of the face, ventral surface 
of the trunk and swelling of flie extremities began to 
appear at 6 weeks and were present in all animals by 8 
weeks [xanthomatosis score (XS) of 4.0±0.6 
(median±S,D.) Fig. 2]. In the cholesterol-fed LDL-R 
deficient mice treated with ET antagonist (group III), 
significantly fewer xanthomatous lesions were apparent m 
at 8 weeks [XS: 1.5+0.5 (median±S.D,) Fig. 2]. LDL-R 
deficient mice fed 1.25% cholesterol were severely hy- 
periipidemic with mean plasma cholesterol levels 15-fold 
higher than normal chow-fed animals (group t 4.8±0.6 
mM vs. group II: 65.6±6.5 mM; i'<O.OQl). Treatment of 
cholesterol-fed LDL-R deficient mice with the ET antago- 
nist did not alter plasma lipid levels (group HI: 66.6±5.1 
mM) (Fig. 2B). As well, arterial blood pressure was not 
significantly different in anunals fed normal or HC diets 
(78 ±7 and 78 ±3 mmHg, respectively), either with or 
without treatment with flie ET antagonist for 15 days 
(74±7 and 78±3 mmHg, respectively) (five animals in 
each group). These results are consistent with previous 
reports usbg endothelin antagonist in mice [32] and other 
normotensive animal models [40]. Treatment with 
LU224332 (10 mg/kg/day for 2 weeks) resulted in 
measurable plasma levels of the ET antagonist (708±357 
nmol/I), which was well in excess of the K-, for both ET 
receptors (see Methods). 

The extent of aortic lipid deposition was visualised by 
oil red O staining (Fig. 3A) and quantified by computer 
assisted morphometry (Fig. 3B). Extensive atherosclerosis 
was seen in the HC diet group (group H), whereas only 
minimal lipid deposition was found in animals receivmg 
normal mouse chow mainly at the bifurcations of great 
vessels (group I). LU224332 treatment (group III) sig- 
nificantly reduced the extent of atherosclerotic involvement 
in the aortae by almost 45% (Fig. 3B, i'<0.01). 
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llTsM^s were prepared by s^bstimting preimmune rabbit .erum for th. primary anfbody ,n a section from group II (g). 



In order to study the direct effect of endothelin receptor 
blockade on macrophage lipid accumulation, THP-1 
human macrophages were incubated with 100 |xg/ml of 
native LDL (nLDL) or Ox LDL, m the presence or absence 
of LU224332 {10"' M). After 24 h, cellular cholesteryl 
ester (CE) and triacylglycerol (TG) were quantified as 
described in Methods. Treatment of ceils with Ox LDL 



resulted in 3-fold increase in CE and TG levels compared 
to nLDL alone (P<0.01 and P<0.05, respectively; Fig. 
4A). The addition of LU224332 completely prevented 
macrophage CE and reduced TG deposition induced by Ox 
LDL (P<0.01 and f <0.05, respectively; Fig. 4B), reduc- 
ing macrophage lipid accumulation to levels not different 
from nLDL alone. 
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4. Discussion 

The results of flie present study demonstrate an im- 
portant anti-atherosclerotic effect of a non-selective ET 
receptor antagonist in a model of homozygous familial 
hypercholesterolemia, the LDL receptor (LDL-R) deficient 
mouse. In addition to preventing atherosclerosis, treatment 
with the ET antagonist significantly reduced xanthoma 
formation without affectmg total cholesterol levels or 
arterial pressure. These results support the hypothesis that 
the ET system contributes directly to the pathogenesis of 
atherosclerosis and that ET blockers may have therapeutic 
utility in the treatment of this vascular disorder. 



In the vessel wall, the ET^ receptor is located primarily 
on SMCs, whereas the ETg subtype is found mainly on the 
endothelial layer, infiltrating macrophages [29] and to a 
variable extent SMCs [28]. Although ET^ may mediate 
many of the effects of ET-1 that are likely relevant to 
atherosclerosis, the presence of the ETg receptors on 
macrophages and its up regulation on SMCs of vascular 
lesions [27], suggest that this receptor subtype may 
contribute importantly to the pathogenesis of atherosclero- 
sis as well. In fact, a recent report has suggested that 
accumulation of foamy macrophages and T lymphocytes in 
the fibrous plaque may modulate the switching of ET 
receptor subtypes from ET^ to ETg in SMCs [41]. 
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Fig 3. IUpr«en.auve oil O staidng on the Ml lengO. toiaal surface of aortas from LDL.R deficient mice. ^^-^^^J^j^^^^^^^^ 

ros'Sc Smden; ^sf (*". P<T^,***, iXO.OO.). plus sign indicates a statistical difference versus group n u.,ng the one-way ANOVA w.th 
post-hoc Student f-test {+, P<0.01). 



Cultured rat peritoneal macrophages have been described 
to express nearly exclusively ETb receptors [42] whereas 
both ETa and ET^ receptors have been demonstrated by in 
situ hybridization on macrophages in the early inflamma- 
tory intimal lesion of hyperlipidemic hamsters [31]. 

In contrast, stimulation of ETg receptors on the endo- 
thelial cells releases vasodilators, such as NO, which may 
protect against atherosclerosis [43]. Kowala et al. [31] 
previously reported that an ET^ selective antagonist re- 



duced fatty-streak formation in a hamster model of early 
atherosclerosis. However, to some extent this effect might 
have been due to a lipid lowering action of certain ET 
antagonists [31,44]. Recently, Barton et al. [32] reported 
that another ET^ selective antagonist reduced atherosclero- 
sis in the apoE-deficient mouse model of atherosclerosis, 
further supporting an important role for ET-1 m this 
disease. This was associated with a marked hnprovement 
in endothelium-dependent dilation and increased nitrate/ 
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Fig. 4. Mean values±S.D. (n=4) for cellular cholesterol ester (CE; A) 
and trf'acylglycerol (TG; B) accumulation in THP-I cell line in presence 
of nLDL gr OxLDL with or without LU224332 for 24 Ji. LU224332 
prevented CE and TG uptake induced by OxLDL (P<0.01 and P<0.05, 
respectively). 



nitrite levels ia Ibe blood [32], likely as a result of 
selective ET^^ blockade which spares tiie endothelial ETg 
receptor. Therefore, it is possible that an increase in 
endothelial NO production may have contributed indirectly 
to the anti-atherogenic effects of ET^ blockade in these 
studies. It is well established that other strategies to 
increase cndotheHal NO release, i.e. L-arginine supple- 
mentation [45,46], and angiotensin converting enzyme 
inhibition [47,48] reduce atherosclerosis in a variety of 
animal models. In the present study a balanced ET^ and 
ETb receptor antagonist w^as used, which would not be 
expected to favorably alter the balance of endothelial 
versus smooth muscle ET receptor activation. Indeed, it 
could be argued that blockade of endothelial ETj, receptor 
with this compound would be counterproductive and could 
reduce the overall beneficial effect of the ET antagonist in 
atherosclerotic models. Nonetheless, a marked reduction in 
atherosclerosis and xanthomatosis was seen with 
LU224332 in the absence of any changes in plasma lipids, 
which may be ascribed to direct effects of ET-1 on the 
cellular events leading to the initiating and/ or progression 
of afecrosclerosis. However, we cannot exclude the possi- 
bility that mixed ET blockade may have resulted in 



improvement in endothelial function by an indirect mecha- 
nism. Increased NO production has been previously re- 
ported with bolh selective and non-selective ET antago- 
nists m the rat Langerdorff heart model [49], possibly due 
to increased coronary flow and therefore intimal shear 
forces [49]. 

In addition to its potent vasoconstrictor effects, ET-I has 
a number of biological activities, which might contribute 
directly to the morphological changes characteristic of 
atherosclerosis. Endothelin-1 is a co-mitogen for vascular 
SMCs [13], and can act in concert with other well-char- 
acterized growth factors, such as PDGF, which are 
believed to initiate and maintain cell proliferation in the 
atheromatous [17]. BT-1 is also a powerful stimulus for 
secretion of collagen [14] and other matrix components 
which represent a major constituent of the atherosclerotic 
lesion. Therefore the inhibition of ET-1 action on 
atheromatous SMCs may be critical in the anti-atheros- 
clerotic effects of LU224332. As well, ET-1 may also 
contribute to the recruitment of monocytes into the de- 
veloping intimal lesion either direcUy [15] or indirectly by 
mcreasing MCP-1 [16]. Macrophages play a key role in the 
pathogenesis of atherosclerosis [30]. The marked up-regu- 
iation of ejqiression of ET-1 m macrophages seen in this 
and other studies also suggest that this peptide may 
contribute to chronic inflammatory changes m this disease. 

ET-1 has been shown to increase the release of in- 
flammatory cytokines from macrophages [50,51]. In turn, 
cytokines such as TNFa, IL-1 and IL-6 have been shown 
to mcrease ET-1 production by macrophages [52]. Thus 
ET-1 may serve to amplify and sustam macrophage 
activation in the developing atheromatous [51]. Interrup- 
tion of this positive feedback pathway is a potential 
mechanism by which ET receptor antagonists may reduce 
the progression of atherosclerosis in addition to its effects 
on SMC proliferation and matrix secretion. In support of 
this, a marked decrease m xanthomas formation, a non- 
vascular lesion which is dependent on macrophage activa- 
tion [3] was also observed m LDL-R deficient mice treated 
with the ET antagonist. Further evidence in favor of a 
direct effect of ET-1 on macrophage foam-cell formation 
was provided by in vitro studies using the human THP-1 
monocyte-macrophage cell line. These cells differentiate 
into macrophages on exposure to phorbol ester, in which 
state they have previously been characterized to express 
predominantly the ETg receptor [29]. The ability of the 
LU224332 compound to largely prevent cholesterol ester 
and triacylglycerol accumulation in these cells on exposure 
to Ox LDL is consistent with a crucial role for endogenous 
ET-1 in macrophage activation and foam-cell formation. 

In summary, nonselective inhibition of ET receptors 
with LU224332 reduced atherosclerosis and xanthomatosis 
independently of any change in lipid levels. Prominent 
ET-1 expression in macrophage-rich atherosclerotic lesions 
observed m vivo, together with the ability of the ET 
receptor antagonist to directly reduce macrophage lipid 
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accumulation in vitro, point to a role for ET-1 in foam-cell 
formation. Thus, antagonism of the ET system may 
provide a new pharmacological approach to reduce the 
vessel wall response to chronic injury induced by hy- 
perlipidemia, and thereby inhibit intimai lesion formation 
and progression of atherosclerosis. 
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